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ABSTRACT: Three reaction-based fluorescent probes based
on two new naphthalimide platforms were developed for the
detection of H2S. A new approach in detecting H2S by the
reduction of an azide to a triazene intermediate in aqueous
media is reported. Given their design features, these chemo-
dosimeters provide useful insights into the relatively unexplored
area of C0 spacers between receptor:reporter components. The
N-aryl-1,8-naphthalimide platform features straightforward
placement of the internal charge transfer and photoinduced
electron transfer (PET) modulators on the same molecule.
In the three examples presented, the N-aryl component proved
to be an effective photophysical device as it allows the placement of a PET modulator at the strategically important and less
explored imide position of 1,8-naphthalimides. These probes or dosimetric agents demonstrated good selectivity, two-signal
response, and the desirable OFF−ON fluorescence response. By implementation of both the azido and nitro group as sulfide-
reactive functionalities on the same chemosensory platform in probe SNAN-3, a much broader range of H2S can be detected.
Remarkably, probe SNAN-3 exhibits both a dual-emission and dual-response for the detection of sulfide in aqueous solution.

■ INTRODUCTION
Hydrogen sulfide (H2S) is the most recently discovered gaso-
transmitter among the known other endogenous gases nitric
oxide (NO) and carbon monoxide (CO).1−6 Upon endogenous
production through various biosynthetic, enzymatic, and non-
enzymatic processes, H2S plays a pivotal role in nervous, immune,
endocrine, and cardiovascular systems.7 In cells, abnormality in
the levels of H2S has been associated with many patholog-
ical conditions such as Alzheimer’s disease, liver cirrhosis, and
arterial/pulmonary hypertension.8 However, H2S has a distinct
rotten egg smell and is known to be comparably toxic to HCN
or CO gases.9,10 In addition, under anoxic environments, H2S
controls the bioavailability of several heavy metals.11 Therefore,
measuring accurate concentrations of H2S is critical in under-
standing its physiological, pathological, and environmental impor-
tance. Several analytical techniques such as colorimetric12,13 and
electrochemical assays,14,15 gas chromatography,16,17 and metal-
induced sulfide precipitation18 were reported for the measure-
ment of endogenous H2S concentrations. However, most of
these techniques require various pretreatment procedures, and
thus, variable H2S concentrations were reported ranging from
nano- to milli-molar levels.19−21 The design of chemodosimeters
for H2S based on fluorescence modulation has emerged as a
major analytical technique in cell biology, medicine, environ-
mental chemistry, and material science. Due to the high reac-
tivity of the endogenously produced sulfide, several reaction-
based fluorescent probes (chemodosimeters) have emerged
for its detection.22,23 Among these chemosensory systems, the

reduction of an aromatic azide group to an amine by H2S has
been utilized extensively because of the bio-orthogonality of the
reaction and associated electronic changes in the probe.24−28

Because of their modular synthesis, the 1,8-naphthalimide-
based fluorescent probes have prompted considerable research
in optical imaging and detection.29−33 By the innovative use of
the sulfide’s nucleophilic and consequential reducing properties,
several of these probes were employed in detecting environ-
mental,34 cellular,35−39 and intracellular sulfide.40

The naphthalimide platform offers sensitive modulation of
fluorescence properties (based on changes in position 4), and
good quantum yields. Naphthalimide dyes can be synthetically
manipulated into a reporter that exhibits either photoinduced
electron transfer (PET) or internal charge transfer (ICT).41 As
a PET-based chemodosimeter, the naphthalimide can be designed
as a fluorophore-spacer-modulator.42−45 In such systems, the Cn
spacer can be a short aliphatic chain; alternatively, in an N-aryl-
1,8-naphthalimides, virtual C0 spacer systems occur with a
phenyl ring at the N-imide position platform. In either case, the
spacer separates electronic interactions and impedes charge
recombination between the fluorophore/transducer and the
receptor/modulator to the ground state. In contrast to these
architectures, the dipolar nature of an electron-rich aromatic
fused to an imide functionality can be augmented by conju-
gation with polar groups at the 4-position to generate a
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chemodosimeter capable of exhibiting a photoinduced internal
charge transfer (ICT) state. The most prominent difference
between PET and ICT-based chemodosimeters lies in the differ-
ent fluorescence responses upon analyte reaction. PET chemo-
dosimeters display enhancement or quenching of fluorescence
without pronounced spectral shifts, so the intensiometric terms
OFF−ON or ON−OFF fluorescent sensors apply. Such designs
are ruled out for potential ratiometric detection at two different
wavelengths. On the other hand, chemodosimeters based on
ICT pathways show clear fluorescence maximal shifts upon
sulfide detection, making ratiometric measurements possible.
Because the naphthalimide framework allows for both designs,
a more sophisticated and thorough approach would involve the
combination of both the PET and ICT processes into a single
molecule.
On the basis of modulated 1,8-naphthalimide scaffolds,

Figure 1 illustrates three different chemodosimetric approaches

to generate either ICT or PET processes for sensing sulfide.
As shown in design 1 (Figure 1), most of these probes take
advantage of the ICT process resulting from the conversion of
an electron-withdrawing group (−NO2, −N3, and −NHOH),
located at position 4, to an electron-releasing group (−NH2).

46

However, no studies have ventured to compare both a nitro
group and azido group and their corresponding sulfide reactivities

on the same fluorescent molecule. In this work, we explored the
consequences of modulating either the PET process (design 2,
Figure 1) or in an unprecedented example, both the PET and
ICT processes (design 3, Figure 1) in 1,8-naphthalimide-based
chemodosimeters for sensing sulfide. Here, we report a group
of fluorogenic reaction-based 1,8-naphthalimide probes for the
detection of sulfide that modulate the fluorescence response
caused by N-aryl contributions.

■ RESULTS AND DISCUSSION
Established by our group and others, the electronic contribu-
tions from the N-aryl substituents play an important role in
governing the fluorescent properties of N-aryl-1,8-naphthali-
mides.47−50 Due to their near orthogonality in solution,51 there
is a negligible interaction between the N-aryl ring and the
naphthalimide fluorophore in the ground state. This creates a
unique orthogonal orbital system that allows the connection of
donors to the imide nitrogen without a bridge (i.e., a virtual C0
spacer) and modulation of the fluorescent properties via the
PET process. According to our seesaw model, if an electron-
withdrawing group is present on the naphthalimide ring
(position 4), depending on the nature of the group present on
the N-aryl ring, i.e. either electron-withdrawing group (EWG)
or donating group (EDG), a unique fluorescence response is
predicted.52,53 If an EWG is appended, only a single fluo-
rescence maxima at shorter wavelength results, whereas if an
EDG is appended, a dual fluorescence response at short and
long wavelengths is observed. Therefore, we reasoned that a
system with synthetic placement of the azido group as the EDG
on the N-aryl ring with an electron-withdrawing group on the
naphthalimide should also serve as a tool in understanding the
mechanism of azide reduction by sulfide.
The synthesis of the designed probes is illustrated in Scheme 1.

4-Chloro and 4-cyano-1,8-naphthalic anhydrides were chosen
as they exhibited dual fluorescence upon substitution of the
N-aryl component with a para-amino group. Both the 4-chloro-
1,8-naphthalimide and 4-nitro-1,8-naphthalimide were com-
mercially available, whereas the 4-cyano-1,8-naphthalimde was
prepared via treatment of 4-bromo-1,8-naphthalimide with
CuCN in DMF. As shown in Scheme 1, different 4-substituted
1,8-naphthalic anhydrides were treated with p-phenylenediamine
in ethanol under reflux to obtain N-aryl-1,8-naphthalimides.54,55

The para-amino group was then diazotized and treated with
sodium azide to obtain N-aryl azido-1,8-naphthalimide probes
via nucleophilic aromatic substitution.56,57 Percent yields are
reported in overall amounts for each SNAN derivative.
Among the reaction-based probes that utilized the azide

group reduction to detect sulfide, as mentioned above, the for-
mation of an amine product was reported. This functional group
transformation proved to be advantageous for modulation of
the fluorescent signal. In light of these findings and our earlier
observations, we anticipated that these probes would exhibit
dual fluorescence upon the reduction of the azide group on the
N-aryl ring.58,59 Yet, compared to other azide probes, the amines
of 4, 5, and 6 (Scheme 1) exhibited weak fluorescence in 5%
DMSO in PBS (pH 7.4) solution (Supporting Information).
Furthermore, to our surprise, upon the treatment of either
30 μM SNAN-1 or SNAN-2 with 30 μM NaSH (used as H2S
equivalent in solution), in 2 h, a 6- and 7-fold OFF−ON response
at 408 and 410 nm was observed, respectively (Figure 2).
The detection limit of SNAN-1,2 for H2S after 120 min incuba-

tion was found to be between 0.1 and 0.5 μM (Supporting
Information). This change in fluorescence intensity with minimal

Figure 1. Three different reaction-based design strategies for the sensing
of sulfide. Examples of design 1 have been previously reported.35,41−44

This work investigates designs 2 and 3 and their reaction-based emission
behavior (A = acceptor, S = spacer, and D = donor).
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or no change in fluorescent wavelength is the signature optical
response of PET-based quenching.60−63 In 1,8-naphthali-
mides,47,51 it was shown that if an electron-donating substituent
is connected to the imide nitrogen (in conjugation through an
aryl group), they act as PET donors and quench the fluores-
cence of the naphthalimide acceptor. In addition, it was also
established that in many fluorophores, the azide group quenches
fluorescence through the PET process.24 Thus, the differences in
the fluorescence intensities of the amines (4 and 5) with the
azide probes (SNAN-1 and SNAN-2) could be due to the differ-
ences in quenching ability of the respective groups. Interestingly,
in our case, we were able to confirm experimentally that the
amine group is a better quencher of fluorescence than the azide
group via the PET process.
Perhaps more significantly, we observed an increase in fluo-

rescence quantum yield while using the probes SNAN-1 and
SNAN-2 to detect H2S. This suggests that during the reduction
of the azide group by sulfide, an intermediate group is formed
that has lower quenching efficiency compared to either the
azide or the amine groups. Therefore, we attribute this long-
lived or relatively stable intermediate to the observed increase
in fluorescence quantum yield. In the case of SNAN-1, the

signal intensity starts decreasing after 5 h, indicating that the
intermediate slowly converts to the more thermodynamically
stable amine product and results in PET quenching. By com-
parison, the intermediate for SNAN-2 was found to be more
stable as the quenching of fluorescence is observed only after
12 h. To further substantiate the evidence for the occurrence
of the PET process, a fluorescence study was conducted by
protonating the amines (4 and 5) under acidic conditions
(Supporting Information). This resulted in a dramatic increase
in the fluorescent signal intensity of the amine compounds
without a change in their emissive maxima (Supporting
Information). Because both of the aforementioned observations
led to an increase in the same emissive maxima, it can be
reasoned that PET quenching is the operative mechanism.
To identify the reaction intermediate, an NMR study of

SNAN-2 with 1.5 equiv of NaSH in DMSO-d6:CD3OD (50:50)
was conducted (Supporting Information). Upon the addition of
NaSH, the N-aryl 1H signals undergo a dramatic shift, indi-
cating the reduction of azide group is fast (<5 min). A new peak
at 9.14 ppm was formed which gradually increased with time.
In light of the reported61 mechanistic insights in H2S mediated
reduction aryl azides, we reasoned that the addition of NaSH to

Scheme 1. General Synthetic Scheme for the Synthesis of Probes SNAN-1, 2, and 3

Figure 2. Fluorescence enhancement of SNAN-1 and SNAN-2 upon added sulfide: (a) 30 μM SNAN-1 and (b) 30 μM SNAN-2 after adding 30 μM
H2S. Data were acquired in 95:5 1× PBS (pH 7.4):DMSO with λex = 350 nm. Emission intensity was collected between 365 and 675 nm. Time
points represent 0, 10, 20, 30, 40, 60, 90, and 120 min after H2S addition.

Scheme 2. Azide to Amine Transformation Mechanism Invoking Triazene Intermediate Responsible for PET Modulation in
SNAN Probes
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SNAN-2 resulted in the formation of a triazene intermediate
before converting to a more thermodynamically stable amine
product. In addition, according to our photophysical model,52,53

placing electron withdrawing groups on both N-aryl and
naphthalimide moieties results in short wavelength emission.
This similar observation for SNAN-2 further substantiates the
evidence of an observed NMR signal at 9.14 ppm, which can be
attributed to the −NH proton from the intermediate triazene.35

Here, we report for the first time the use of such an inter-
mediate group to detect H2S.
On the basis of our observations in sensing sulfide with

SNAN-1 and SNAN-2 along with comparisons drawn from the
comprehensive study by Pluth et al.,61 a sensing mechanism
is shown in Scheme 2 where the R-group represents the
1,8-naphthalic platform. The long-lived intermediate generated
by SNAN-2 corroborates their mechanistic evidence whereby a
two-step and two-equivalent H2S pathway favors a fast, first-
step conversion to the analogous triazene intermediate derived
from 4-methyl-7-azidocoumarin. Here, a higher energy of activa-
tion (ΔH2

⧧) and consequently rate-determining second-step
indicates a local energy minima for this intermediate to reside
along the reaction coordinate. Intrigued by our observations
involving the PET modulation to detect H2S and the already
established ICT modulation,35−38 we integrated both of these
processes for 1,8-naphthalimides. Moreover, due to orbital
orthogonality between the naphthalimide fluorophore and the
N-aryl group,51−53 the N-aryl substituents modulate only the
PET process but not the ICT process.58−60,62 Because both of
these processes exhibit two different emission and excitation
wavelengths, it is possible to increase the signal diversity and
promote either PET or ICT responses.63 Such a response can
be useful in mitigating the disadvantages associated with a
single intensiometric response.64,65 To the best of our knowl-
edge, no such chemodosimetric probes exists for the detection
of H2S. Consequently, we designed and synthesized probe
SNAN-3.
As established above, the azide group on the N-aryl ring can

be reduced to a triazene intermediate to obtain a fluorogenic
response. Also, the nitro group in position 4 of the 1,8-naphtha-
limide can be reduced to an amino group to obtain a fluo-
rogenic response.46 However, there are known reactivity and
sensitivity differences between the azide and the nitro groups.
As reported by Montoya et al.,35 under the same chemical

environment, the azide group reacts at a much faster rate and is
more sensitive toward sulfide than the nitro group. On the
other hand, in SNAN-3, the two reactive groups, the 4-NO2
and the N-aryl azido, are appended to different aromatic com-
ponents, i.e. chemical environments. Therefore, it was impor-
tant to establish the sensitivity and selectivity of both groups to
gain a mechanistic understanding of the detection of sulfide by
SNAN-3. By considering the detection limits shown by SNAN-1
and SNAN-2, two different assay conditions were designed for
SNAN-3. In one assay, the sulfide concentrations were limited by
sulfide concentration at 0.1 equiv of H2S to 1 equiv of SNAN-3,
and in the other assay, 1 equiv of H2S to 0.1 equiv of SNAN-3.
The fluorescence responses obtained are shown in Figure 3.

Under the sulfide limiting conditions (Figure 3a), the fluores-
cence spectra remained broad between 365 to 525 nm and after
120 min showed a maximum at 445 nm with a 4-fold OFF−ON
response. In comparison, similar to the probes SNAN-1 and
SNAN-2, the intermediate formed in the reaction of SNAN-3
with sulfide showed fluorescence quantum yield higher than
that of the corresponding aromatic amine (Scheme 2). Under
the aforementioned conditions, the signal intensity is
modulated only by the PET process, which demonstrates that
the azide group’s sensitivity remains higher than that of the
nitro group. The PET signal intensity, however, starts
decreasing after 3 h, indicating the formation of amine product.
Thus, it appears that the observed differences in the
fluorescence turn on ratios are due to the differences in the
half-life of the SNAN probe’s sulfide reaction intermediates. 1H
NMR evidence for the long-lived intermediate in the reduction
of SNAN-2 is reported in the Supporting Information. Such
differences are a consequence of the electron withdrawing nature
of the substituents present on the 1,8-naphthalimide. Lastly, in
the case of SNAN-3, additional quenching is possible due to the
known quenching ability of the nitro group.65

Under the probe limiting conditions (10 equiv of H2S to probe
ratio), we see the conversion of both the azido and the nitro
groups to the diamine product (compound 7, Scheme 3). Upon
excitation at 350 nm, two emission bands centered at 410 and
540 nm are observed with two and 4-fold turn ON response,
respectively (Figure 3b). It is apparent under these conditions
that the formed ICT donor amine group in position 4 of the
1,8-naphthalimde platform determines the emission spectrum.
During the assay, it was observed that a bathochromic shift of

Figure 3. Fluorescence enhancement of SNAN-3 with H2S: (a) 0.5 μM and (b) 50 μM H2S with 5 μM SNAN-3. Data were acquired in 90:10 1×
PBS (pH 7.4):DMSO with λex = 350 nm. Emission intensity was collected between 365 and 675 nm. Time points represent 15, 30, 45, 60, 90, 120,
and 180 min after H2S addition.
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10 nm of the spectrum occurs during the first hour which, in
the case of other fluorophores, is typically attributed to the
concentration effects.67 However, the differences in the OFF to
ON ratios between previously reported HSN1 probe35 and
SNAN-3 can be attributed to the differences in excitation wave-
lengths, i.e. 350 nm for SNAN-3 as opposed to observed λmax of
436 nm for compound 7, the final product formed from sulfide
reduction of SNAN-3. The possibility of PET quenching the
fluorescence due to the formation of N-aryl amine product as
shown in the cases of compounds 4 and 5 may also contribute
to the observed differences. Furthermore, an increase in the rate
of internal conversion due to changing the N-alkyl group to a
N-phenyl group66−68 may cause further decreases in fluo-
rescence turn-on ratios. Table 1 summarizes the optical features
of all SNAN-1,2,3 azides and corresponding sulfide reduced
species.

At this point, it should also be noted that the sulfide con-
centrations used to generate the turn-on response also differ
considerably. The detection limit of SNAN-3 for H2S after
120 min incubation was found between 0.1 and 0.5 μM based
on azide group reduction, i.e. for the PET-based modulation of
fluorescent signal (Supporting Information). The detection
limit for the ICT-based modulation of fluorescent signal remains
the same as that reported earlier,35 i.e. between 5 and 10 μM.
To the best of our knowledge, SNAN-3 is the first example
showing two unique responses at two different concentrations
of H2S. Moreover, compared to the reported nitro, azido reduc-
tion probes HSN1, HSN2,35 and hydroxyl amine reduction
probe,37 SNAN-3 not only improved the detection limit but
also increased the signal diversity.
To substantiate the evidence for the aforementioned selective

PET and ICT modulations, the absorption spectra of the assay

Scheme 3. Treatment of SNAN-3 under H2S-Limiting Conditions (0.1 equiv) and Probe-Limiting Conditions (10 equiv H2S)

Table 1. Spectroscopic Data for SNAN-1, SNAN-2, and SNAN-3 Probes Only with H2S and Corresponding aAmines 4, 5,
6, and 7

entry compound λmax abs (nm) ε (M−1 cm−1) λmax fl. 1 (nm) SW λmax fl. 2 (nm) LW Φd SW Fl. 1 (× 10−4) Φd LW Fl. 2 (× 10−4)

1 SNAN-1 350 8814 409 2.94
2 4 350 9756 412 0.32
3 SNAN-1 with H2S

a 350 408 14.4
4 SNAN-2 350 7551 408 9.56
5 5 347 6149 397 2.93
6 SNAN-2 with H2S

a 350 410 58.8
7 SNAN-3 350 5256 410 3.98
8 6 352 6000 454 0.981
9 SNAN-3 with H2S

b 350 445 5.45
10 7 436 13372 410c 540c 15.6c 58.6c

a1 to 1 equiv of probe with H2S (30 μM). b1 to 0.1 equiv of probe with H2S (0.5 μM). cUpon excitation at 350 nm. dQuantum yields are in
reference to quinine sulfate (Φ = 0.577 in 0.05 N H2SO4).

Figure 4. Absorbance spectra of SNAN-3 with H2S: (a) 500 μM and (b) 0.5 μM H2S with 5 μM SNAN-3. Data were acquired in 90:10 1× PBS
(pH 7.4):DMSO. Time points represent 15, 30, 45, 60, 90, 120, and 180 min after H2S addition. The arrows (green = increase, red = decrease, and
black arrows = isosbestic points) indicate changes in the spectrum at corresponding wavelengths).
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were observed at different time points (Figure 4). From the
spectra, it is evident that under the H2S limiting conditions
(0.5 μM), small changes were seen signifying the PET process.
Under probe-limiting conditions (500 μMH2S), a gradual decrease
in the absorption maxima at 350 nm and the formation of new
ICT absorption maxima were observed at 440 nm accompanied
by the appearance of two isosbestic points at 320 and 390 nm.
On the basis of the fluorogenic signal enhancement of the

SNAN-1, SNAN-2, and SNAN-3 with H2S, we investigated their
selectivity toward H2S over other reactive sulfur, oxygen, and
nitrogen species (RSONs) consisting of glutathione, cysteine,
α-lipoic acid (ALA), thiosulfate, sulfite, thiocyanate, nitrite,
H2O2, and hypochlorite (OCl

−) (Figure 5). Probes SNAN-1 and
SNAN-2 showed almost no OFF−ON fluorescence responses to
any of the RSONs. In comparison to SNAN-1 and SNAN-2,
SNAN-3 displayed approximately 1.6-fold (540 nm) and 2.4-fold
(410 nm) lower dichroic fluorescence turn ON ratios for sul-
fide. It should also be noted that SNAN-3 displayed higher
background reactivity to other analytes at 540 nm and quench-
ing at 410 nm (indicating the possible conversion from azide to
amino). Glutathione, cysteine, and sulfite contributed the most
to the observed background increase at 540 nm for SNAN-3.
We observed that, SNAN-3 demonstrates greater signal diversity

and exhibited two OFF−ON fluorescence signals. Altogether,
these assays demonstrate the selectivity of all three SNAN
probes toward the detection of sulfide in vitro.

■ CONCLUSIONS
In summary, we developed three reaction-based fluorescent
probes for the detection of H2S based on two new design
platforms. In addition, a new approach in detecting H2S by the
reduction of azide to a triazene intermediate in aqueous media
is reported. These chemodosimeters are based on selective
chemical reactions that can be useful in triggering certain photo-
physical processes and provide novel insights into the relatively
unexplored area of C0 chemosensors. In light of the numerous
examples involving N-alkyl-1,8-naphthalimides, this study demon-
strates that the chemistry of N-aryl-1,8-naphthalimide is par-
ticularly useful in this regard because it allows for straightforward
placement of the ICT and PET modulators on the same mol-
ecule. In the three examples presented, the N-aryl modifica-
tion proved to be effective, as it allowed the placement of
PET modulator at a strategically important and less explored
imide position in 1,8-naphthalimides. Given the unique reaction
mechanism of hydrogen sulfide reduction taken together with
exceptionally long-lived intermediate from SNAN-2 demonstrated

Figure 5. Fluorescence responses of SNAN-1, SNAN-2, and SNAN-3 to various RSONs in the order 1−11, glutathione, cysteine, α-lipoic acid
(ALA), thiosulfate, sulfite, thiocyanate, nitrite, H2O2, hypochlorite (OCl

−), and H2S: (a) 30 μM SNAN-1 at 408 nm, (b) 30 μM SNAN-2 at 410 nm,
and (c) 5 μM SNAN-3 at 410 nm (black) and 540 nm (red) to various reactive sulfur, nitrogen, and oxygen species (RSONs) in 95:5 1× PBS
(pH 7.4):DMSO (for SNAN-1 and 2), 90:10 1× PBS (pH 7.4):DMSO (for SNAN-3) with λex= 350 nm. The bars represent responses after 120 min
of analyte addition. For all comparisons, the data shown represent 500 μM glutathione, 500 μM cysteine, 100 μM other RSONs, and 30 μM H2S for
SNAN-1 and SNAN-2, 0.5 μM H2S for 410 nm, and 50 μM H2S for 540 nm measurements for SNAN-3.
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by 1H NMR, faster reaction kinetics from these electron-
deficient fluorescent platforms should be possible with electron-
releasing substituents. Substituents such as methoxy or dimeth-
ylamino should destabilize the intermediate; however, the
potential for dual fluorescence may be diminished. These probes
or dosimetric agents have demonstrated good selectivity, greater
signal diversity, and the more desirable OFF−ON fluorescence
response. To the best of our knowledge, probe SNAN-3 repre-
sents the only example showing a dual-emission and dual-
channel optical response for the detection of sulfide in aqueous
solution. Moreover, the probe remains the only H2S detecting
system that invokes both azido and nitro functional groups on
the same fluorescent platform; the combination gives a surpris-
ing tandem set of concentration ranges at either probe-limiting
or sulfide-limiting conditions. With hydrogen sulfide concen-
trations in human blood typically between 10 and 100 μM
and living cells containing lower submicromolar concentra-
tion ranges, the detection limits of these probes, particularly
SNAN-3 with a detection limit of between 0.1 and 0.5 μM,
appear well-suited for cellular applications.37 In light of these
observations, we believe other reaction-based probes with built-in
triggers for photophysical processes can be designed rationally
using similar design platforms and will appear in due course.
Furthermore, the differential responses from these probes
indicate that 1,8-naphthalimide can be exploited in designing
chemodosimeters that can be used in the detection of multiple
analytes.

■ EXPERIMENTAL SECTION
General Information. Commercial reagents were used as received

unless otherwise stated. Merck 60 silica gel was used for chroma-
tography, and Whatman silica gel plates with fluorescence F254 were
used for TLC analysis. 1H NMR and 13C NMR spectra for charac-
terization of new compounds were collected in DMSO-d6 (Cambridge
Isotope Laboratories, Cambridge, MA) at 25 °C on a Bruker Avance-
400 spectrometer. Data for 1H are reported as follows: chemical shift
(ppm) and multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet). Data for 13C NMR are reported as ppm.
High-resolution mass spectral analyses (ESI-MS; TOF Mass Analyzer)
were carried out with a Waters/Micromass LCT Premier system at the
UNM mass spectrometric facility. IR stretches are given in cm−1;
spectra were obtained on an Avatar 360 FT-IR.
Probes Syntheses. 4-Cyano-1,8-naphthalic anhydride (1).

According to the published method,54 4-bromo-1,8-naphthalic anhy-
dride (300 mg, 1.083 mmol) and CuCN (111.5 mg, 1.245 mmol) were
taken in 2 mL dry DMF and heated at 150 °C for 8 h. After that, the
reaction mixture was allowed to cool to 50 °C, and FeCl3·6H2O (0.6 g)
(Caution! Generation of HCN from unreacted CuCN is expected, so a
well-ventilated fume hood is recommended!) and 1.7 M HCl (1 mL)
were added. The reaction mixture was stirred at this temperature for
15 min and then cooled to room temperature. Then, water was added;
the mixture was stirred for 5 min, and the solids were filtered and
washed with water and dried. The crude product obtained was recry-
stallized from acetone as pale yellow solid (164 mg, 68%).

1H NMR (400 MHz, DMSO-d6) δ: 8.67 (d, J = 7.78 Hz, 1H), 8.6
(m, 2H), 8.5 (d, J = 7.53 Hz, 1H), 7.95 (t, J = 7.53 Hz, 1H). 13C NMR
(100 MHz, DMSO-d6) δ: 160.4, 160.2, 134.5, 133.8, 131.8, 131.2,
130.7, 129.7, 124.1, 120.7, 116.6, 115.3.
General Procedure for the Syntheses of Compounds 4, 5,

and 6.55 One millimole of naphthalic anhydride and 1.1 equiv of
p-phenylenediamine were taken in 25 mL of ethanol and refluxed for

12 h. Then, the reaction mixture was filtered warm to collect the
formed precipitate, which then was washed with ethanol and dried.
The obtained product was pure and used for the next step without any
further purification.

2-(4-Aminophenyl)-6-cyano-1H-benzo[de]isoquinoline-1,3(2H)-
dione (4).

Pale orange solid, yield: 191 mg (61%); 1H NMR (400 MHz, DMSO-d6)
δ: 8.62−8.47 (m, 4H), 8.12 (t, J = 8.03 Hz, 1H), 6.97 (d, J = 8.53 Hz,
2H), 6.65 (d, J = 8.53 Hz, 2H), 5.28 (bs, 2H, NH2).

13C NMR
(100 MHz, DMSO-d6) δ: 163.9, 163.5, 149.2, 134.4, 132.3, 130.8,
130.5, 129.8, 129.5, 127.9, 127.5, 124.2, 123.8, 117.0, 114.4, 114.2. IR
(cm−1): 3368, 3355, 2210, 1710, 1665, 1517, 1238. Mp: 360−362 °C.

2-(4-Aminophenyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)-
dione (5).

White solid, yield: 193 mg (60%); 1H NMR (400 MHz, DMSO-d6) δ:
8.62−8.47 (m, 4H), 8.02 (t, J = 8.03 Hz, 1H), 6.94 (d, J = 8.53 Hz,
2H), 6.65 (d, J = 8.53 Hz, 2H), 5.26 (bs, 2H, NH2).

13C NMR
(100 MHz, DMSO-d6) δ: 164.1, 163.8, 149.1, 137.8, 132.1, 131.3,
130.5, 129.6, 129.2, 129.1, 129.0, 128.2, 124.0, 123.9, 122.6, 114.2. IR
(cm−1): 3463, 3364, 1704, 1659, 1238. Mp: 320−322 °C

2-(4-Aminophenyl)-6-nitro-1H-benzo[de]isoquinoline-1,3(2H)-
dione (6).

Red solid, yield: 203 mg (61%); 1H NMR (400 MHz, DMSO-d6) δ:
8.73 (d, J = 8.78 Hz), 8.63−8.55 (m, 3H), 8.11 (t, J = 8.78 Hz, 1H),
6.97 (d, J = 8.78 Hz, 2H), 6.64 (d, J = 8.78 Hz, 2H), 5.30 (bs, 2H,
NH2).

13C NMR (100 MHz, DMSO-d6) δ: 164.0, 163.2, 149.6, 149.1,
132.2, 130.6, 130.1, 129.5, 129.1, 129.1, 127.8, 124.7, 123.8, 123.7,
123.3, 114.2. IR (cm−1): 3413, 1704, 1661, 1523, 1516, 1349, 1239.
Mp: 300−302 °C.

General Procedure for the Syntheses of SNAN-1, 2, and 3.56

To a solution of 0.3 mmol amine and 9 equiv of p-toluene sulfonic acid
monohydrate in 2 mL of water was added 9 equiv of sodium nitrite
slowly over 15 min. The resulted suspension was stirred at room tem-
perature for 2 h. Then, 1.6 equiv of sodium azide (Caution! Hydrazoic
acid might be generated, so the reaction should be performed in
fumehood) was added, and the reaction mixture was stirred for
another 90 min. Then water was added, and the precipitate was filtered
and washed with water and dried. The crude product was purified
by silica column chromatography using 80% dichloromethane in
hexane.

2-(4-Azidophenyl)-6-cyano-1H-benzo[de]isoquinoline-1,3(2H)-
dione (SNAN-1).

White solid, yield: 55 mg (54%); 1H NMR (400 MHz, DMSO-d6) δ:
8.64−8.50 (m, 4H), 8.15 (t, J = 8.28 Hz, 1H), 7.44 (d, J = 8.78 Hz,
2H), 7.28 (d, J = 8.78 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ:
163.6, 163.3, 140.0, 134.4, 132.8, 132.3, 131.1, 130.9, 130.8, 130.5,
129.8, 128.0, 127.4, 124.1, 120.1, 117.0, 114.6. IR (cm−1): 2230, 2128,
1716, 1677, 1593, 1508, 1237. Mp: 270−272 °C (decomposed).
HRMS (ESI-TOF) m/z: [M]+ Calcd for C19H9N5O2: 339.0756.
Found 339.3071
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2-(4-Azidophenyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)-
dione (SNAN-2).

White solid, yield: 75 mg (72%); 1H NMR (400 MHz, DMSO-d6) δ:
8.66 (d, J = 8.53 Hz, 1H), 8.58 (d, J = 8.53 Hz, 1H), 8.43 (d, J =
8.53 Hz, 1H), 8.07−8.01 (m, 2H), 7.42 (d, J = 8.53 Hz, 2H), 7.26 (d,
J = 8.53 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ: 163.9, 163.6,
139.9, 138.1, 132.9, 132.2, 131.5, 131.1, 130.8, 129.3, 129.2, 129.1,
128.2, 123.7, 122.4, 120.1. IR (cm−1): 2120, 1707, 1669, 1508, 1233.
Mp: 218−220 °C (decomposed). HRMS (ESI-TOF) m/z: [M]+
Calcd for C18H9ClN4O2 348.0414. Found 348.7427.
2-(4-Azidophenyl)-6-nitro-1H-benzo[de]isoquinoline-1,3(2H)-

dione (SNAN-3).

Pale yellow solid, yield: 59 mg (61%) 1H NMR (400 MHz, DMSO-d6)
δ: 8.76 (d, J = 8.53 Hz, 1H), 8.66−8.58 (m, 3 H), 8.13 (t, J = 7.53 Hz,
1H), 7.46 (d, J = 8.78 Hz, 2H), 7.29 (d, J = 8.78 Hz, 2H). 13C NMR
(100 MHz, DMSO-d6) δ: 163.8, 163.0, 149.0, 140.0, 132.8, 132.2,
131.1, 130.6, 130.1, 129.4, 129.3, 127.7, 124.7, 123.8, 123.3, 120.1. IR
(cm−1): 2113, 1711, 1664, 1529, 1507, 1346, 1238. Mp: 210−212 °C
(decomposed). HRMS (ESI-TOF) m/z: [M]+ Calcd for C18H9N5O4
359.0655 Found 359.2952.
6-Amino-2-(4-aminophenyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (7).

Compound 7 was synthesized according to the literature procedure.56

Dark green solid based on 1.0 mmol preparation; yield: 243 mg (61%).
1H NMR (400 MHz, DMSO-d6) δ: 8.62 (d, J = 7.92 Hz, 1H), 8.39
(d, J = 7.08 Hz, 1H), 8.16 (d, J = 8.48 Hz, 1H), 7.65 (t, J = 7.84 Hz,
1H), 7.44 (s, 2H), 6.85 (d, J = 8.04 Hz, 2H), 6.61 (d, J = 7.88 Hz, 2H),
5.22 (bs, 2H, NH2).

13C NMR (100 MHz, DMSO-d6) δ: 164.8, 164.0,
153.1, 148.7, 134.4, 131.5, 130.5, 129.7, 124.9, 124.5, 122.8, 119.9,
114.2, 108.6, 108.5. IR (cm−1): 3427, 3346, 3235, 2920, 2844, 1672,
1637, 1613, 1572, 1368, 1246. Mp: 364−366 °C.
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